Seabirds are globally threatened. In the face of multiple threats, it is critical to understand 29 how conservation strategies that mitigate one threat intersect with others to impact population 30 viability. Marine threats, including pollution, climate change, and fisheries could derail gains 31 to seabird populations resulting from arduous predator eradication efforts. However, this 32 potentially negative effect is yet to be evaluated. We test whether mortality from marine 33 threats can subvert the on-going recovery of 17 seabird species from 37 colonies on islands 34 worldwide where predators were removed. We use demographic modelling to estimate 35 potential adult mortality from fisheries, plastic ingestion, and climate change. For 82% of the 36 species we examine, marine threats do not impede recovery following predator eradication. 37
To date, over 1,000 islands worldwide have been rid of invasive predators by management 68 actions, leading to significant seabird population gains (Brooke et al., 2018; Jones et al., 2016) . 69
But are predators on islands seabirds' main cause of vulnerability? Marine threats, such as 70 fisheries bycatch, plastic pollution, and unpredictable impacts of climate change can contribute 71 to mortality. These agents can cause severe seabird population reductions (Genovart et al., 72 2017), even in the face of positive responses from predator eradication. Quantifying the 73 population-level impacts of single or multiple marine threats can be challenging because we 74 lack detailed demographic information for most species (Richard, Abraham, & Filippi, 2017 ; 75 Rodríguez et al., 2019) . Indeed, monitoring following predator eradication is sparse or absent, 76
belying an inability to accurately assess species recovery rates (Brooke et al., 2018; Buxton, 77 Jones, Moller, & Towns, 2014; Kappes & Jones, 2014). This uncertainty is confounded by (i) 78
Here, we explore how multiple marine threats may impact the recovery of seabird populations 86 that have experienced predator eradication at their colonies, and ask whether seabirds' 87 phylogenetically conserved traits can help predict their vulnerability to marine and terrestrial 88 threats. We hypothesise that (1) high adult mortality caused by fisheries bycatch, plastic 89 ingestion, and climate change (marine threats, hereafter) impedes the recovery of seabirds 90 following predator eradication, and that (2) the vulnerability of a species to marine threats can 91 be inferred from phylogenetically shared morphometric and ecological traits. The latter 92 hypothesis, if supported, would provide an approach to infer risk from closely related species 93 where adult mortality data from marine threats is lacking. 94
Methods 95 We estimate species vulnerability by calculating the annual mortality threshold, that is, the 96 number of adults in a population that can be killed annually with the population still remaining 97 viable. We then calculate the risk of local population extinction to each of the aforementioned 98 marine threats of 17 seabird species from 37 colonies on 24 islands around the world where 99 predators have been eradicated (Table 1 , inset map in Figure 1 ). 100
To calculate the annual mortality threshold and the risk ratio, we used the Demographic 101 Invariant Method (DIM, hereafter). The DIM requires minimal demographic information to 102 estimate (i) the intrinsic annual population growth rate of a species under optimal conditions, 103 and (ii) the annual mortality threshold for a given population. The annual mortality threshold 104 corresponds to the maximum number of individuals in a population that could be extracted 105 annually, e.g., due to any source of mortality. Using the DIM approach, we estimate the annual 106 mortality threshold for 81 seabird species (order: Procellariiformes) with equation 1 107 (20) (Richard et al., 2017) : 108
109
where rmax, or the population growth rate above replacement per generation is (Niel & 110 at sea before returning to the colony to breed, and some adults taking sabbaticals from breeding 138 make this accurate calculation more challenging (Richard & Abraham, 2013; Warham, 1990) . 139
We estimated the mean and standard deviation of the population size assuming a normal 140 distribution in R (R Core Team, 2013). We set a standard deviation to 0.05 to account for the 141 uncertainty in population estimate data (see Online Material for further discussion on data 142 quality). Data were log-transformed to meet statistical assumptions. 143
Marine threat impact 144
The first goal in our study is to examine the impacts of marine stressors on population recovery 145 for 37 colonies including 17 species on 24 islands where predators have been eradicated, where 146 we were able to find demographic, and threat impact data (Online material; Figure S1 ). By 147 using this subset, we assume that the populations were minimally affected by terrestrial threats 148 (i.e., recovering from the pressure of invasive mammalian predators following predator 149 removal, minimal density-dependence effects, no limit of available habitat, and no resource species Pterodroma hypoleuca, P. ultima and Puffinus puffinus were assumed to be low risk 162 from fisheries because are not highly reported as bycatch in the literature (IUCN, 2017). We 163 assumed that the proportion of adults in the total population that will potentially be killed by 164 fisheries would be the same proportion for each colony we evaluated. To account for the 165 uncertainty in these estimates, we sampled the mean and 95% credible intervals from a log-166 normal distribution using 5,000 bootstraps (Table 2) . 167
Plastic Pollution:
We searched Google Scholar and Web of Science using the terms seabird 168 species + plastic ingestion (e.g. "Ardenna carneipes" and "plastic* and ingestion"). We 169 calculated the proportion of the population at risk from mortality due to ingesting plastics by 170 the average frequency of occurrence of plastic reported in plastic ingestion studies for each 171 species (Avery-Gomme et al, In review; Online materials; Appendix 1). We assumed that 0.5% 172 of individuals died as a result of ingesting plastics, we sampled the mean and 95% credible 173 intervals from a log normal distribution using 5,000 bootstraps (Online material; Table S2 ). To 174 account for the uncertainty in the estimate of the proportion of individuals killed from ingesting 175 plastic, we tested the sensitivity to 1% and 5% mortality (Online material; Figs. S3 & S4). 176 change was 0.5% for all populations of the 17 studied species, in the absence of peer-reviewed 178 estimates. In order to account for the high uncertainty in this estimate a sample of 5,000 179 bootstraps of the mortality rate due to climate change was drawn from a log-normal distribution 180 of mean 0.005 and standard deviation of 0.05 (Online material: Table S2 ). To test the sensitivity 181 of our results to the assumed value, the calculations were repeated with a mean of 0.01 and 182 0.05 (Online material; Figs. S5 & S4). The impacts on climate change, should therefore be 183 considered as a scenario model rather than empirical assessment (Online Material; Table S3 ). 184
See Online Material for further discussion on uncertainty. 185
To calculate the proportional per capita mortality rate for each of the colonies evaluated, we 186 used the annual potential mortalities from each of the threats / total population. We then 187 calculated the risk of a species to each of the above stressors and combined potential mortality 188 from all threats together. The risk ratio is calculated as potential mortalities yr -1 / annual 189 mortality threshold (Richard & Abraham, 2013) . A ratio close to one or above means that the 190 species is at high risk of 'over-harvesting' by marine stressors. All statistical analyses were 191 carried out in R (R Core Team, 2013). 192
Predictors of vulnerability 193
The second goal of our study was to test whether factors informing the ecological niche of a 194 species inform its vulnerability to marine threats. To do this we use phylogenetic generalised 195 least squares (PGLS) regression to test whether the key morphometric traits (body size) and 196 ecological seabird characteristics (foraging strategy, diet, and at-sea distribution) of the studied 197 species can be used to predict vulnerability, using the annual mortality threshold as a proxy. 198
Due to shared ancestry, closely related species are expected to share similar trait values 199 (Symonds & Blomberg, 2014) . To quantify the phylogenetic signal of our traits of interest: 200 body mass, foraging strategy, diet, and at-sea distribution, we estimated Pagel's λ (not to be 201 confused with the intrinsic population growth rate λmax), a scaling parameter for the 202 phylogenetic correlation between species that ranges from 0 (no role of phylogeny in 203 determining trait variation) to 1 (trait variation fully explained by phylogeny assuming 204
Brownian motion (Freckleton, Harvey, & Pagel, 2002) . We used an expanded dataset that 205 included 81 pelagic seabird species, where demographic parameters were available to calculate 206 the annual mortality threshold using the methods described above. Next, we obtained the bird 207 distributions, leading to the potential need to travel longer distances to forage than previously 234 recorded, e.g., (Bost et al., 2015) . 235
Wedge-tailed shearwater's (Ardenna pacifica) are also at relatively high risk to marine threats, 236 despite having a risk ratio lower than 1 (mean=0.88  0.01; Table 1 ). Indeed, if plastic pollution 237 or climate change result in higher mortality than we have estimated here (Online materials; 238 Fig. S3 & S4) , declines would likely continue for A. pacifica, even after predator eradication 239 (IUCN, 2017). In fact, any of the populations we analysed were to undergo an average of 5% 240 mortality from marine threats, recovery for all but three of the smallest species we analysed 241 would be impeded (Online material; Fig. S4 & S6) . Thus, it is crucial to understand how 242 multiple marine threats impact seabird populations following predator eradication. Such 243 information will help to avoid declines as these pressures are likely to intensify. 244
Inferring vulnerability to multiple threats 245
With an expanded dataset including 81 seabirds, we use phylogenetic comparative analyses to 246 explore whether key morphometric (body size) and ecological characteristics (primary foraging 247 strategy, primary diet, and at-sea distribution) predict species' vulnerability to declines, using 248 the annual mortality threshold as a proxy. We validate our metrics of population performance 249 and vulnerability against the IUCN Red List categories of those species (Figure 3.A) . 250 of a species and its annual mortality threshold. Our phylogenetic analyses examined species 253 traits that might predict the annual mortality threshold of the 81 species, and retained at-sea 254 distribution and biomass (Figure 3.B) , and the foraging strategies of surface filtering and 255 pursuit diving (online materials; Table S3 ). However, the same traits did not fully inform risk 256 when compared with colony-level risk analysis data (Table 1) . For example, based on the 257 phylogenetic analysis, we would predict that Pterodroma gouldi (Grey-faced petrel), which is 258 a surface forager, has a small distribution, and large body size, to have a high risk ratio (Table  259 1; online materials; appendix 1). However, the risk ratio for all six of the P. gouldi's colonies 260 are 0.33 (sd: 0.08; Table 1 ). Further, research shows P. gouldi population increases where 261 predators have been removed or are controlled (Buxton et al., 2014; Greene, Taylor, & Earl, 262 2015) . In addition, this species is not reported to be at high risk from fisheries bycatch or plastic 263 ingestion (Richard et al., 2017) . 264
Surface filtering and pursuit diving seabirds are more vulnerable to declines than species with 265 other foraging strategies (RAdj 2 =0.24; f=13.18; PAdj<0.001; and RAdj 2 =0.18, f=11.18; PAdj<0.001, 266 respectively; online materials; Table S3 ). This relationship is highly preserved among closely 267 related species (Pagel's λ=1.00, 0.44-1.00; Pagel's λ=1.00, 0.64-1.00, respectively). Surface 268 foraging species have been identified as at high risk for ingesting plastic in our phylogenetic 269 analysis, and by other authors (Roman, Bell, Wilcox, Hardesty, & Hindell, 2019) (Table 1) Species with smaller at-sea distributions had lower annual mortality thresholds than those with 284 larger distributions (RAdj 2 =0.18; t=3.7; P<0.001; Figure 3 .B). The vulnerability of a species and 285 their spatial distribution is conserved among closely related species (Pagel's λ=0.83, 0.42-0.97; 286 online materials; Table S3 ). Our finding that the vulnerability of a species is influenced by 287 distribution is in agreement with the inclusion of range size as one of the main metrics of IUCN 288
Red List evaluations of threatened status (IUCN, 2017). However, for the species with the 289 highest risk to marine threats following predator eradication, the opposite is truespecies with 290 large at sea distributions are more at risk. 291
Theory predicts that species with large range sizes may be more resilient to environmental 292 Fig. 3C ; Table S3 ). Body size is generally a 314 good indicator of extinction vulnerability for birds (Gaston & Blackburn, 1995) , and for 315 interactions with multiple marine threats. Larger birds have been found with greater loads of 316 plastics (Ryan, 2016; Wilcox, Van Sebille, & Hardesty, 2015) and the demographic impact of 317 fisheries bycatch is greater for albatrosses, large petrels, and shearwaters, due to low fecundity 318 and high propensity to interact with fishing vessels (Richard et al., 2017; 2010) . Other studies 319 have shown large-bodied seabirds still declined following predator eradication, likely due to 320 at-sea stressors (2010). All the species with high risk to marine threats in our analysis (C. 321 diomedea, C. borealis, and A. carneipes) are large-bodied (all ~700 g). However, other larger 322 bodied species such as A. grisea (Sooty shearwater) and P. gouldi have low risk ratios (Table  323 1; online material). Thus, inferring risk to marine threats from multiple shared traits may not 324 be straightforward, particularly in the absence of depredation. Ecological and morphological 325 traits may influence the tendency of a species to interact with a threat. Nonetheless, the spatial 326 co-occurrence of threats and foraging opportunities, coupled with behaviour of individuals may 327 exert more control over population level effects. 328
Our analyses suggest that gains from predator eradication are sufficient to offset mortality of a 329 large proportion (82%) of seabird species from multiple marine threats of plastic ingestion, 330 fisheries interactions, and climate change (Fig. 2; Table 1 ). However, for some species, 331 predator eradication may not be a panacea (Figs. 1 & 2 ; Table 1 ). If at-sea adult mortality 332 increases due to intensifying marine threats, then vulnerable species will continue to experience 333 to often ambiguous impacts of multiple marine threats. The uncertainty of inferring risk to 341 multiple marine threats from closely-related species means that systematic population surveys 342 after predator eradications are essential to detect colony recovery rates, and how threats may 343 be affecting a population. The value of such monitoring is twofold; first, it can expediently 344 inform managers of when additional conservation actions may be needed for species that fail 345 to recover following predator eradication; and second, it can improve our ability to identify 346 risk factors to marine threats for understudied species. 1 Model estimates of population size, the annual mortality threshold, and the potential mortality from each of the marine threats of fisheries, climate change, and plastic ingestion is given as the mean and standard deviation of the mean. The high risk (>1) for Calonectris borealis, C. diomedea, and Ardenna carneipes was driven predominantly by mortality from fisheries. The risk ratio was calculated as potential mortalities yr -1 / annual mortality threshold (Richard & Abraham, 2013) ; when this risk ratio 1, adult mortality from each of the evaluated threats may impede the recovery of a colony even after predator eradication. For the remaining 37 colonies of 17 species that we analysed, the risk ratio was <1, implying that marine threats are not impeding the recovery of these populations following predator eradication.
540 Fig. 1 . The risk ratio for the 37 colonies of 17 species (map inset shows colony 541 locations worldwide), on 24 islands where invasive predators have been eradicated. 542
The risk ratio was calculated as potential mortalities yr -1 / annual mortality threshold 543 (Richard & Abraham, 2013) ; when this risk ratio 1, adult mortality from each of the 544 evaluated threats may impede the recovery of a colony even after predator 545 eradication. Colours for each species correspond to the IUCN Red List status: LC 546
Least Concern in dark green; NT Near threatened in light green; VU Vulnerable in 547 yellow; CR Critically Endangered in red. 548 549 550 551 and it is also predicted by key ecological predictors such as (B) seabird species at-sea distribution (C) and adult body mass. The 564
annual mortality threshold is the maximum number of breeding adults that can be removed annually from a population without causing 565 it to decline. Groupings correspond to the IUCN Red List status: LC Least Concern in dark green; NT Near threatened in light green; 566 VU Vulnerable in yellow; EN Endangered in orange; CR Critically Endangered in red. Letters on top of each IUCN group in panel A 567 are post-hoc Tukey scores; when two groups do not share the same letter, their annual mortality threshold scores are statistically 568 different at P<0.05 (supporting material; Table S2 ). (B) and (C) contain the phylogenetic generalised least squares for the relationship 569 between the annual mortality threshold and at-sea distribution (log-scale); Pagel's λ=0.83, 95% CI 0.42-0.98, F-ratio=19.14, df=79, 570 P<0.001), and adult body mass (Pagel's λ=0.52, 0.06-0.87, F-statistic=4.05, df=79, P<0.001). 571 572
